The major amplicon present in HL60 cells is chimeric in nature being composed of 70 kb of DNA sequence derived from the MYC locus linked to 80 kb of novel DNA sequence derived from a non contiguous region located telomeric to the c-myc gene at 8q24 (Feo et al., 1996) . Here we show by¯uorescence in situ hybridization (FISH) that these coampli®ed sequences, MCR (Myc Coampli®ed Region), are derived from a locus located 3 ± 4 Mb telomeric to the c-myc gene in the q24.2-24.3 region of chromosome 8. Genomic cloning and Southern blot analysis indicate the arrangement of chimeric amplicons are in tandem arrays. Analysis of the DNA sequences at the juncture of the MYC locus and the MCR suggest that these non syntenic regions were joined by nonhomologous recombination events. Visualization of the organization of the ampli®ed DNA by ®ber-FISH analysis illustrates we have cloned the complete amplicon. This is the ®rst complete mammalian amplicon to be cloned and have its structure visualized. In addition to the major class of tandemly repeated amplicons, a second class of amplicons was detected by ®ber-FISH in which the extent of the MCR component is about twice the size of the MCR component in the major amplicon. These longer amplicons most likely contain inverted repeats of MCR and MYC region sequences. Whether the amplicons contain mixtures of these two types of structures or separate amplicons only contain one type of structure has not yet been resolved. Properties of the MCR sequences responsible for retention in the chimeric HL60 amplicons upon long term passage are discussed.
Introduction
Expression of the c-myc gene plays an important role in controlling cell proliferation, dierentiation, apoptosis and tumour formation (Cole, 1986; Evan et al., 1994; Marcu et al., 1992) . Deregulated expression of cmyc has been frequently found in many tumours as the consequence of chromosomal translocation, proviral insertion and gene ampli®cation events (Gauwerky and Croce, 1993) . Ampli®cation of the c-myc gene and other members of the MYC gene family, has been observed late in the progression of a number of primary tumours and generally is associated with an aggressively malignant phenotype (Brison, 1993) .
We have analysed the size and structure of the amplicons containing the c-myc gene in dierent tumour cell lines (Feo et al., 1994) to elucidate how ampli®ed DNA is generated in cancer cells. In particular we have studied the amplicons, either in the form of extrachromosomal double minutes (DMs) or intrachromosomal homogenous staining regions (HSRs), present in dierent subclones derived from the well known HL60 promyelocytic cell line (Feo et al., 1996) . Our results indicate that the structure of the HL60-HSR and -DM major amplicons are indistinguishable and are chimeric in nature being composed of 70 kb of DNA sequence derived from the MYC locus linked to novel DNA sequence derived from a non contiguous region located telomeric to the c-myc gene at 8q24 (Feo et al., 1996) . The coampli®cation of non syntenic regions located in the same chromosome arm has been frequently reported. In sarcomas, amplicons have been detected that contain both the CDK4 gene and the MDM2 gene which are normally separated by about 2 Mb on chromosome 12q12-14 (Elkahloun et al., 1996) . EMS-1 and the Cyclin-D1 genes have been found coampli®ed with other portions of 11q13 chromosome in breast cancer cells (Karlseder et al., 1994) and ampli®cation of DNA sequences from 20q13.2 is often associated with ampli®ed sequences from other non syntenic regions of 20q (Tanner et al., 1996) . Furthermore, comparative genomic hybridization studies indicate that coampli®cation of dierent regions along the same chromosome arm are common in cancer cells, although many of the target genes are still unknown (Forozan et al., 1997) . It is not clear if the formation of these chimeric amplicons derives from independent ampli®cation events with subsequent recombination or if they are the result of complex chromosomal rearrangements that occurred before the ampli®cation. We decided to further investigate the chimeric amplicons found in HL60 cells with the notion that the coampli®cation event may give important clues to the mechanisms of gene ampli®cation and amplicon evolution in human tumours. Although a variety of physical mapping procedures have been applied to the analysis of oncogene containing amplicons (Akiyama et al., 1994; Corvi et al., 1994; Schneider et al., 1992) our knowledge of the overall organization of the amplicon repeats and the way they are organized is still rather super®cial.
In this study we have used¯uorescence in situ hybridization on extended chromatin (®ber-FISH) and DNA sequence analysis to study the organization and composition of the amplicons present in HL60 cells. Our results indicate that we have isolated the complete major chimeric amplicon and that the rearrangement joints between the regions of non syntenic sequence were formed by illegitimate recombination events. The HL60 amplicons appear to be organised in arrays of both tandem and inverted repeats.
Results
The chimeric HL60 amplicon contains DNA sequences derived from chromosome 8q24 separated by 3 ± 4 Mb
We have previously shown that the major class of amplicons in HL60 cells is of the order of 150 kb and is chimeric in nature, being composed of 70 kb of DNA derived from the MYC locus fused to 80 kb of DNA derived from a novel region of chromosome 8q24 telomeric to the c-myc gene (Feo et al., 1996) . We also found that the pvt-1 gene, which is coampli®ed with MYC in a number of cell lines and is located from 59 ± 260 kb from the 3' end of the c-myc gene (Shtivelman and Bishop, 1989) is not ampli®ed in HL60 cells (Feo et al., 1994) . These results suggest that the novel sequence coampli®ed with MYC in HL60 cells, that we have designated MCR (Myc Coampli®ed Region), are derived from a locus located at least 260 kb distal to the gene. To map more precisely the position of the MCR relative to the c-myc gene two colour¯uorescence in situ hybridization (FISH) experiments on prometaphase chromosomes from normal human lymphocytes were performed. As shown in Figure 1 the two signals derived from the hybridization with the MYC-speci®c P1 ICRF700.350 clone (red signals) and a P1 clone ICRFP700c1144, containing a portion of the MCR (green signals), are just resolved suggesting that the two loci are separated by approximately 3 ± 4 Mb (Lawrence et al., 1990) and localize the MCR at 8q24.2-24.3. In Figure 2 a diagrammatic representation of the MCR coampli®ed with MYC in the HL60 amplicon is shown. Integrating the previously reported data (Feo et al., 1996) with the mapping data obtained we suggest the existence in HL60 cells of a tandem repeat array of 150 kb chimeric amplicons.
Sequence determination of the novel joints between the MYC locus and the MYC Coampli®ed Region (MCR) in HL60 cells
In order to gain further insight into the nature of the rearrangements that occurred to bring together these distant DNA regions from the same chromosome, we determined the DNA sequence at the junctions of the non syntenic regions of the amplicon. In our previous work (Feo et al., 1996) we mapped two sites of rearrangement between the MYC and MCR sequences in the ampli®ed DNA from HL60 cells. The ®rst is located between the probes SpH and HH1.9 and the second is between the probes HBB and PAH0.8 ( Figure 2 ). We subcloned and sequenced the relevant portion of the DNA regions containing the rearrangements from lambda clones derived from HL60 cells as well as genomic clones corresponding to the same regions from cells containing unampli®ed DNA. In Figure 3 is shown a comparison of the nucleotide sequences of the two rearrangements found in HL60 amplicons and their normal counterparts derived from the unampli®ed MYC locus and the MCR. The nucleotide sequence at the joint of the two regions appears to have been generated by illegitimate recombination events, characterized by the presence of short regions of homology at the breakpoints (boxed) and by short direct repeated sequences (small arrows) within 200 bp of the regions involved in the recombinant joints. No repetitive sequence elements were found at or near (within 400 bp) any of the joints.
Presence of additional MCR ampli®ed DNA sequences in HL60 cells
The pEH1.3 fragment, that contains the 5' rearrangement and was used for the nucleotide sequence determination, has also been used as a probe for Southern blot analysis of genomic DNA from HL60 cells, N417 cells (which contain ampli®ed MYC DNA) and PAF human ®broblast cells ( Figure 4b ). As expected this probe identi®es the rearranged and ampli®ed 7.2 kb KpnI fragment, speci®c to HL60 cells and the unampli®ed MYC locus 9.6 kb fragment that is only ampli®ed in the DNA from N417 cells.
Unexpectedly it also identi®es a 2.8 kb fragment that is present in all the cellular DNAs but it is only ampli®ed in the DNA from HL60 cells. These results indicate that HL60 cells contain additional ampli®ed MCR sequences that are located downstream of the previously identi®ed 5' rearrangement joint (R5') (see The ampli®ed DNA in the HL60 cell line is only composed of sequences derived from the MYC locus and the MCR The two P1 genomic clones, ICRFP700c1144 and DMPC-HFF#1-0828H, together cover a region of about 140 kb of the MCR genomic DNA (Feo et al., 1996) , 80 kb of which is contained in the major class of HL60 amplicons (Figures 2 and 4a) . In order to determine the true size and composition of the HL60 amplicons and to clarify the organization of the overall structure of the ampli®ed DNA we have used the two MCR P1 clones and two P1 clones corresponding to the MYC locus, ICRF700.350 and ICRF700.569 (Feo et al., 1994) , in a two-colour ®ber-FISH analysis of HL60 cellular DNA (see Materials and methods). It can be seen from the ®ber-FISH analysis ( Figure 5 ) that the MCR and MYC, although separated by at least 3 Mb in the normal human genomic DNA, are always been found adjacent to each other in over 70 dierent images of the HL60 ampli®ed DNA captured and analysed. Furthermore no consistent discontinuity or gaps have been detected in the hybridization signals corresponding to the MYC and the MCR DNA regions present in each amplicon indicating that the Figure 3 The nucleotide sequences of the novel joints found in HL60 cells compared to the nucleotide sequences of their normal counterparts derived from the MYC locus and the MCR are shown. The name of each subclone and its origin is described in Materials and methods. The boxes indicate the joints occurring at short direct repeat sequences, the large arrows indicate dyad symmetry sequences and the small arrows indicate short direct repeats DNA inserts from the P1 clones, used as probes, cover the complete ampli®cation units.
Visualization of the dierent amplicons in HL60 cells by ®ber-FISH
Forty-eight ®ber-Fish captured images have been used to determine the relative amounts of sequences from the MCR and the MYC locus in the HL60 amplicons (Table 1) . Most of the amplicons contain 70 kb of genomic DNA derived from the MYC locus joined to 80 kb of genomic DNA derived from the MCR (Figure  5a and b) . These results are consistent with the major amplicons in the form of arrays of tandem repeats as suggested by the Southern blot hybridization analysis (see Figure 2) . In addition to this major class of amplicons a second class of amplicons was detected in which the extent of the MCR component is about twice the size (160 kb) of the MCR component in the major amplicons (Figure, 5c, d and Table 1 ). The second larger class of amplicons was detected at one half the frequency of the major amplicon (Table 1 ). The same ®ber-Fish results were found using DNA from either early passage HL60 cells, containing only DMs, or late passage HL60 cells, containing an HSR on chromosome 2, suggesting that the organization of the amplicons does not dier signi®cantly over multiple passages in tissue culture or whether the amplicons are in the form of DMs or HSRs. Interestingly we have also been able to identify a few circular structures (Figure 5e ), but only in the ®ber-Fish analyses using DNA from HL60 cells containing DMs. Although no additional experiments con®rm the closed circular structure of this stretched ®ber, the size of the molecule is in agreement with the estimated size of a double minute calculated by dividing the average number of DMs present in the HL60 cells (9 ± 12) by the copy number of ampli®ed c-myc genes (30 ± 35).
Discussion
In a previous study we determined that the major amplicons in HL60 cells are chimeric in their composition, being composed of two non syntenic regions of 8q24 (70 kb of DNA from the MYC locus and 80 kb DNA from the MCR) (Feo et al., 1996) . In this work we have de®ned the structure and organization of the chimeric HL60 amplicons by DNA sequence, Southern blot hybridization and FISH analyses. We have located the MCR approximately 3 ± 4 Mb telomeric to the MYC locus on 8q24 by FISH on prometaphase chromosomes (Figure 1 ). Previously we showed that both the MYC locus and MCR are retained in their normal locations on the two dierent homologues of chromosome 8 in HL60 cells, indicating that the amplicons were not formed by excision (deletion) from their normal chromosomal position (Feo et al., 1996) . The large distance between the MYC locus and the MCR also make it unlikely that the amplicon was formed from an excised aberrant replication product. It is not ruled out that the amplicon was generated from the disintegration of a normal or rearranged third chromosome 8 which is no longer present. Analysis of the DNA sequences at the juncture of the MYC locus and the MCR ( Figure  2 ) indicate that these non syntenic regions were joined by nonhomologous recombination events. It is not clear whether these recombination events pre-existed or were formed at the time of or after the generation of the ampli®ed DNA. In addition by Southern blot analysis we have detected the presence of additional ampli®ed MCR sequences which extend about 15 kb past the R5' joint, at a concentration of about one third of the total ampli®ed DNA present in the HL60 cells (Figure 4 ). At present we have not been able to determine the location of these additional ampli®ed MCR sequences.
Visualization of the organization of the ampli®ed DNA by ®ber-FISH analysis illustrates we have cloned the complete amplicon as there are no consistent discontinuities within or between the hybridization signals using the cloned probes from the MYC region and the MCR (Figure 5 ). There were no obvious dierences in the ®ber-FISH analyses of the HL60 ampli®ed DNA either in the form of HSRs or DMs. To our knowledge this is the ®rst complete mammalian amplicon to be cloned and have its structure visualized.
The MYC and MCR sequences are shown to be arranged in tandem arrays ( Figure 5 ) con®rming the structure deduced from genomic cloning and Southern blot analysis (Figure 2 ). Two thirds of the analysed structures contain a tandem array of about 80 kb of sequences from the MCR region connected to about 70 kb of the MYC region sequences. The remaining one third of the structures contain approximately 160 kb of MCR sequences connected to about 70 kb of MYC region sequences ( Figure 5 and Table 1 ). As we ®nd that only a maximum of 95 kb of MCR sequences are ampli®ed, these structures must contain reiterations of MCR sequences in the form of inverted or direct repeats. We favour that these molecules most likely contain inverted repeats of MCR and MYC region sequences as previously detected by`snap back' analysis of ampli®ed HL60 DNA (Ford and Fried, 1985) . The additional 15 kb of ampli®ed MCR sequences may play the role of the non-inverted spacer between the two palindromic blocks of MCR sequences (Fried et al., 1991) . Because of the diculty in analysing numerous stretched DNA molecules of greater than 300 ± 350 kb in our ®ber-Fish analyses, at present we do not know whether the amplicons contain mixtures of the shorter and longer lengths of MCR sequences, each attached to MYC region sequences, or if the shorter and longer length structures of MCR sequences are located in separate amplicons. Even though the relationship of the two types of amplicons is not resolved at this time, these results strongly suggest that the amplicons in HL60 occur in arrays of both inverted and tandem repeats.
The same chimeric amplicons are found both in early passage HL60 cells containing DMs or late passage HL60 cells containing HSRs in dierent chromosomal locations (Feo et al., 1996) . This suggests that there may be some selective pressure to retain the organization of the amplicons which is correlated with the maintenance of the HL60 phenotype in tissue culture. One possibility is that the expression of another gene located in the MCR collaborates with the c-myc gene to maintain the HL60 phenotype. We have searched without success for the expression of additional genes in the MCR by Northern blot analysis and cDNA enrichment (Korn et al., 1992) . Alternatively the MCR includes DNA sequences which have been retained because they may contain important structural features for maintenance and/or generation of the amplicon. These could be structural features important for either very ecient DNA replication or ecient transcription of the c-myc gene. Another possibility is the presence of fragile sites. Recently it has been proposed that involvement of fragile sites may play a role in the ampli®cation of some oncogenes during tumour progression (Coquelle et al., 1997) . This hypothesis proposes that oncogene ampli®cation and the extent of the coampli®ed¯anking regions may depend on the activation in vivo of fragile sites which de®ne the boundaries of the very early amplicons. A common fragile site, FRA8C, and a rare fragile site, FRA8E, are located at 8q24.1 (Hecht et al., 1990) , and FRA8E lies centromeric to the c-myc gene (Takahashi et al., 1991) . Another common fragile site, FRA8D, has been mapped telomeric to the c-myc gene at 8q24. 3 (Yunis and Soreng, 1984; Hecht et al., 1990) , in the region where we have now located the MCR. The structural features of the sequences at these fragile sites may have been involved in the formation of the early HL60 amplicon. Further studies are in progress to sublocalize the fragile sites in 8q24 relative to the sequences found ampli®ed in HL60 cells.
Materials and methods

Cell lines
HL60 is a promyelocytic leukaemia cell line (Collins, 1987) . Early passage HL60 cells (passage 9), containing only DMs, were a kind gift of Dr N Teich, HL60 clone 6 cells, containing HSR on chromosome 2 were obtained by subcloning in soft-agar the HL60 cell line obtained from Dr N Hogg (ICRF, London) which has been passaged in tissue culture for many years. NCI-N417 is a small cell lung carcinoma cell line (Little et al., 1983) and contains ampli®ed copies of the c-myc gene. PAF is a SV40-transformed human ®broblast cell line (Erikson et al., 1983) and was used to study the normal con®guration and the degree of ampli®cation of the analysed DNA sequence. Cell lines were maintained in Dulbecco's minimal essential medium (D-MEM) or RPMI-1640 supplemented with 10% foetal calf serum and 1% penicillin/streptomycin at 378C, 5% CO 2 .
Subcloning and DNA sequencing
Isolation of the phage P1 clones was described previously (Feo et al., 1996) . PAC clone LLNLP704D04105Q was isolated by screening a gridded human genomic library, kindly provided by Dr A Monaco, with probe H5BS. Inserts of isolated phage clones were mapped and fragments of interest, depending on their position relative to the rearrangements, in the amplicons or in the normal counterparts, were subcloned in the pUC18 or pBluescript plasmid and sequenced. The position of the probes used in the HL60 amplicons and in the MCR map is shown in Figures 2 or 4 , respectively. The pEH1.3 clone contains a 1.3 kb EcoRI ± HindIII fragment that spans the 5' rearrangement while the pHLS3.1 clone contains a 3.5 kb SacI fragment that spans the 3' rearrangement and were derived, respectively, from lHL3.1.1 and lHL1.3.4 HL60 genomic clone (Feo et al., 1996) . The pXH6.4 clone contains a 6.4 kb XhoI ± HindIII fragment isolated from the lSk2.9.5 and the pPA1.3SB clone contains a 1.3 kb fragment SacI ± BamHI (Feo et al., 1994) , they represent the normal MYC counterparts corresponding to the 5' and 3' rearrangement, respectively. The pH5BB clone contains a 4.5 kb BamHI fragment and the pBB6.5 clone contains a 6.5 kb BamHI fragment. The fragments were obtained from the digestion of the P1 clones ICRFP700c1144 and DMPC-HFF#1-0828H and they represent the normal MCR counterparts corresponding to the 5' and 3' rearrangement, respectively. The nucleotide sequence of the cloned fragments were determined by the dideoxynucleotide chain-termination method using modi®ed T7 DNA polymerase (Sequenase; US Biochemicals).
DNA probes and blot hybridization
Inserts of isolated phage clones were mapped and fragments of interest, selected for the absence of repeats by hybridization with randomly primed 32 P-labelled DNA from human placenta, were subcloned in pUC18 or pBluescript plasmids and used as probes. The position of all probes used, in the MCR map, is shown in Figure 4a . The pEH1.3 clone has already been described. The pH5BS clone contains a 8.5 kb BamHI ± SalI fragment isolated from the lambda clone lHL5.1.7 (Feo, unpublished) . The BB10 and P4B16 probes were derived from the indicated P1 clones by restriction enzyme digestion (BamHI) and were competed with a 50-fold excess of human Cot-1 DNA (Gibco ± BRL) before the hybridization. Genomic DNA was prepared by standard methods and Southern blot analysis was performed with 10 mg each of cellular DNA after digestion with KpnI or BamHI restriction endonucleases using the condition suggested by supplier (Boehringer). After fractionation on a 0.8% agarose gel the DNA was transblotted to a Hybond-N nylon membrane (Amersham) and hybridized with the relevant random primed 32 P-labelled probes as previously described (Feo et al., 1994) .
Fluorescence in situ hybridization (FISH)
Metaphase chromosome spreads from human lymphocytes were prepared according to standard procedure as described previously (Feo et al., 1996) . Extended DNA was obtained from high molecular weight DNA from 2610 7 or 2610 6 cells/ml, embedded in 1% seaplaque agarose (FMC Bioproducts) by a modi®cation of the method of Heiskanen et al. (1996) . A gel slice (5 ml in volume) of an agarose block was placed on a poly-L-lysine coated slide (Sigma) with 30 ml of TE and heated at 1008C for 1 min before being spread out and air dried for 30 ± 60 min and then denaturated by alkaline treatment. FISH was performed using a combinations of phage P1 DNAs, as described in the text, labelled with biotin-16-dUTP or digoxigenin-11-dUTP using a nick translation Kit (Gibco ± BRL). Probes were preannealed to a ®fty-fold excess of Cot-1 DNA (Gibco ± BRL). The biotinlabelled probes were detected with avidin-Texas Red (Vector Laboratories) and then ampli®ed with biotinylated goat anti-avidin antibodies (Vector Laboratories) and a second layer of avidin-Texas Red. The digoxigenin-labelled probes were detected with anti-digoxigenin mouse antibodies (Sigma) and FITCconjugated human anti-mouse antibodies (Vector Laboratories). The slides were mounted in Citi¯uor containing DAPI as a counterstain. Images were captured by a cooled CCD (Cooled Charged Coupled Device) camera (Photometrics, Thomson TH7895B) and the digitalized images were pseudocolored and merged using computer software developed by T Rand and D Ward (Yale University School of Medicine). The length of probe signals were measured from digitalized images with the software program Segment Ruler' (T Rand and D Ward).
